Bioremediation of polluted areas is a potentially important application for biotechnology (1, 3, 10) . Conventional remediation methods, such as chemical degradation and burning, are often expensive and inadequate for treating large quantities of chemical pollutants or those which are difficult to reach; in situ biodegradation of pollutants is a promising alternative technology. Microorganisms indigenous to contaminated sites often have a limited ability to degrade xenobiotic pollutants which are highly substituted or which have especially novel chemical structures. In some cases, chemical compounds which are degraded readily by microorganisms cannot be degraded when present in mixtures that inhibit catabolic pathways.
Molecular genetic methods offer ways to engineer microorganisms with improved degradative pathways, expanded substrate specificities, and appropriate attributes for survival and expression of engineered pathways in situ (5, 15) . Genetically engineered microorganisms (GEMs) designed to degrade substituted aromatic compounds have been developed and successfully tested for their survival and activity in microcosms which simulated environmentally relevant conditions (4, 13) . Microcosms can be used to experiment with GEMs under contained "in situ" conditions in which the engineered pathway can be analyzed for activity and possible effects of the GEM on the ecosystem can be measured (25) . At present, information concerning the possible impact of GEMs on any ecosystem is limited; this necessitates an investigation of the fate and function of recombinant microorganisms in natural ecosystems (6, 7, 24) .
A variety of outcomes are possible once a GEM is introduced into a particular environment. GEMs with novel genetic traits are often laboratory strains whose survival and activity under natural conditions have never been analyzed. Their survival may be affected by several characteristics of an ecosystem, e.g., competition, predation, chemical composi- * (19, 21) . Therefore, it is difficult to predict whether a given GEM will multiply, transfer genetic information to indigenous microorganisms, and/or spread to adjacent ecosystems (22) . These strains might have the potential to cause unwanted effects, and therefore they must be tested adequately (11) . Introduced bacteria might displace certain members of natural populations and thus affect the normal flow of carbon, nitrogen, and energy within a natural community. Although none of these negative effects have been observed so far (26) , a detailed understanding of the behavior of GEMs in different representative ecosystems is necessary.
Because recalcitrant pollutants often accumulate in river and lake sediments, we used simple sediment slurries and a complex laboratory-contained sediment microcosm system to study the fate and pollutant-degrading activity of the model GEM Pseudomonas sp. strain B13 FR1(pFRC20P). The GEM and the model pollutants were used in experiments designed to assess the efficacy of using microcosms for predicting the survival of GEMs and their effects on target ecosystems. Halo-and alkylaromatics have been used by our group as model pollutants. The catabolic pathways for these compounds are well known, and genetic alterations have been made to expand the substrate range of two of these pathways (16, 17) .
Degradation of methyl-and chloro-substituted aromatic compounds by bacteria through either the ortho or the meta cleavage pathway has been studied in detail and has revealed that mixtures of methyl-and chloroaromatics are difficult for microorganisms to degrade (23) because of the formation of toxic or dead-end intermediates (9) . The model pollutantdegrading GEM used in this study, Pseudomonas sp. strain B13 FR1(pFRC20P), was designed by patchwork assembly of genes encoding catabolic enzymes from three different bacterial strains to form a new catabolic pathway which enables the recombinant strain to simultaneously degrade chloro-and methylaromatics (17) . The Media and growth conditions. The GEM was routinely grown in standard M9 medium (12) supplemented with mineral salts (27), 2.5 mM 3CB, and 2.5 mM 4MB as carbon and energy sources. Selection agar (1.5%) for enumeration of the GEM from microcosm studies consisted of M9 medium, mineral salts, 5 mM 4MB, and 100 ,ug of kanamycin per ml. Total CFU of bacteria from microcosms were counted on 10-fold-diluted Luria broth (LB).
Site characteristics and sampling procedure. Experiments were done twice with sediment from the Rhine river and once with sediment from the Lake Plussee. Sediment cores from the Rhine were taken from a depth of about 10 m within a dam close to the city of Baden-Baden, Baden-Wurttemberg, Germany, on 27 September 1989 and on 15 February 1990 . In the first Rhine experiment (water temperature, 21°C; conductivity, 87 RS; pH 8.1), the sediment was brought to the surface by a dredger and cores were inserted into the intact sediment, overlaid with Rhine water obtained from the 10-m depth, and withdrawn after being closed with a tight lid to hold the sediment. In the following experiments with sediment taken from Lake Plussee on 25 November 1989 and with the second Rhine river sample, divers obtained the cores directly. After the Plussee sample and the second Rhine sample were obtained, the cores were transported immediately to the laboratory and cooled on ice. At the second sampling of the Rhine sediment, the river water had a temperature of 7°C, a conductivity of 157 [LS, and a pH of 7.6. The sediment was fine grained and solid, with a high content of lime and a clearly defined sediment surface. In contrast, the lake sediment of the Plussee was coarse grained and sandy, with a high proportion of organic matter, making a clear definition of the sediment surface difficult. The temperature of the lake was 6°C, the conductivity was 29 ,uS, and the pH was 7.6. The Plussee is a small, unpolluted lake near the city of Plon, Schleswig-Holstein, Germany, which had been well characterized by the Max-Planck-Institute for Limnology, Plon.
Microcosm setup and experimental design. Each experiment consisted of 20 whole-core microcosms, which were divided into four sets of five cores, one of each set being analyzed at a given time point. The cores were incubated in the dark at the corresponding in situ temperature. A detailed description of the cores and their processing is given in the accompanying paper (27) .
The different treatments of the four sets of cores were carried out immediately after they arrived in the laboratory. They involved (i) addition of the GEM, (ii) addition of the GEM plus 3CB and 4MB, (iii) addition of 3CB and 4MB, and (iv) an untreated control. The GEM was added to a final density of 5 x 106 bacteria per ml of water in the column overlying the sediment; 3CB and 4MB were added to a concentration of 25 ,uM each in the overlying water column by using 0.5 M stock solutions. Four microcosms, one of each set, were analyzed after 1, 5, 12, 19 , and 26 days of incubation. GEMs were enumerated, and the concentrations of 3CB and 4MB were determined in the overlying water. The excess water was withdrawn, the sediment was pushed up with a pestle, and beginning from the surface three slices about 5 mm thick each were obtained. Each sediment slice was mixed to homogeneity with a spatula, and the GEM and total CFU were enumerated (see reference 27 for details) and concentrations of 3CB and 4MB were determined.
Extraction and HPLC analysis of substituted aromatics.
The degradation of 3CB and 4MB in the sediment cores was assessed by extraction and subsequent high-pressure liquid chromatography (HPLC) analyses of the compounds. Samples of 10 g of wet sediment from each slice were mixed with 4-ethylbenzoate as an internal standard (final concentration, 25 F.M), acidified to pH 2 with concentrated hydrochloric acid, and adjusted to 10 ml with water. Following the addition of 10 ml of ethyl acetate, samples were extracted in 50-ml Falcon tubes for 1 h by using an overhead shaker (15 rpm; Guwina-Hofmann, Berlin, Germany). After separation of the two phases by centrifugation (10 min at 1,500 x g; Sorvall RC5C, HB4 rotor), the organic phase was recovered and the extraction was repeated. The organic phases were combined and evaporated to dryness under a light airstream. The residues were resuspended thoroughly in 2 (Fig. 1) . The total number of extractable CFU was not affected by the addition of the GEM or by the addition of the substituted aromatic compounds in either of the experiments (Fig. 2) . The GEM also survived in deeper, anaerobic sediment layers (depth, 5 to 15 mm). The background counts of 4MB-degrading, Kmr bacteria were less than 10/g (dry weight). In contrast to GEM survival in the sediment, the density in the overlying water column decreased rapidly (Fig. 3, insets in panels a and b) . The GEM was not recoverable after 26 days in the water column of cores supplemented with 25 ,uM 3CB and 25 ,uM 4MB, but remained at a level of 102 cells per ml in cores without chemicals.
Effect of the GEM on added substituted aromatics. The concentrations of added 3CB and 4MB in the overlying water, sediment, and sediment slurries were determined during the course of the experiment.
(i) Overlying site water. The addition of the GEM apparently resulted in an accelerated removal of 3CB from the water column when compared with untreated cores (Fig. 3) . In the first Rhine experiment, the chemicals could not be detected after 26 days of incubation, whereas low concentrations of 3CB could still be detected at the end of the Plussee experiment (Fig. 3) . During the first 8 to 12 days of incubation, the loss of 3CB from the overlying water column was more rapid than that of the theoretical washout of the compound, which suggested that the 3CB was degraded by either indigenous and/or engineered bacteria (Fig. 3) (ii) Sediment. Introduction of the GEM led to an enhanced disappearance of both 3CB and 4MB from the sediments (Fig. 4) ; significant differences between the cores with and without the GEMs were observed from days 5 to 19 of incubation. After 26 days, both compounds had almost completely disappeared from the sediments. The possibility of bioturbation resulting from activities of eucaryotes and diffusion of 3CB and 4MB through pore water led us to investigate the penetration of the substituted aromatics from the sediment surface into the core by comparing the concentrations of the compounds in sediment slices (Fig. 4) Changes with time of the 3CB concentration in the overlying water column of sediment cores of Lake Plussee (a) and the Rhine river (first sampling) (b). Loss of substrate is shown with no GEM added (-), with GEM added at an initial density of 5 x 106/ml of water (0), and for washout of the substrate alone (O). The rate at which the density of the GEM decreased for columns to which substrate was added (l) or not added (-) is displayed in the insets.
were similar to those obtained in the Rhine experiment (not shown).
(iii) Sediment slurries. From the experiments described above it was apparent that the GEM not only survived for the investigated period, but also expressed the engineered catabolic pathway in situ and led to enhanced degradation of 3CB and 4MB in the sediments. To further investigate this activity, we analyzed the conversion of [14C]4MB to 14C02 in sediment slurries. Introduction of the GEM into sediment slurries resulted in a substantial increase in the rate of degradation of 4MB (Fig. 5) ; 80% of the 14C-labeled methyl groups of the 4MB were transformed to CO2 within the first 22 h, which was 1 order of magnitude higher than that observed in uninoculated slurries (Fig. 5) . This finding supports the conclusion that the engineered pathway is expressed and functions under conditions that approximate those for which the GEM was designed.
DISCUSSION
The use of microorganisms for bioremediation purposes in the environment generally requires that they survive in large numbers and express their catabolic potential. These two properties were assessed for the GEM Pseudomonas sp. strain B13 FR1(pFRC20P), which was used in this study. Following inoculation into the overlying water columns, the GEM was found in the underlying sediments obtained from both the Rhine river and Lake Plussee at population densities which ranged from 1 to 5% of the total extractable CFU. This occurred although the Rhine and the Plussee sediments had different physical and chemical characteristics and appreciably different temperatures (6 and 21°C, respectively) . By persisting at such population densities, the GEM demonstrated an ability to become at least a temporary component of a microbial community in environments which were nutrient limited and contained numerous protozoan predators. The presence of the GEM led to an enhanced rate of disappearance of both 3CB and 4MB in the sediments of the microcosms. Therefore the GEM not only survived for substantial lengths of time and in substantial numbers, but also expressed its engineered catabolic pathway for the simultaneous degradation of chloro-and methylaromatic compounds.
Only a few reports have been published concerning the introduction of GEMs into microcosms and their effects on the contained microbial environment (2, 21) . In most reports, the GEMs contain insertions for antibiotic resistances. When these GEMs were introduced into soil microcosms (14) and into water and sediment microcosms (18) , no significant differences were detected between the survival of the wild-type and engineered strains or in the effects of either strain on the indigenous members of the microbial community.
Although data obtained from studies of bacteria with insertions for antibiotic resistance determinants add to our knowledge of the effect of such microorganisms on natural (8) . This study showed that the use of GEMs which contain catabolic pathways that are poorly regulated can result in adverse environmental effects and demonstrated that microcosm experiments can be useful in determining such effects prior to introduction of GEMs into the environment. In contrast, the GEM used in our study was designed specifically for controlled, regulated expression of an engineered catabolic pathway and served as a model for ecological studies in which well-designed catabolic pathways can be shown to have beneficial effects.
The sediment core microcosms used in this study were previously evaluated for their ability to closely simulate the in situ conditions of aquatic sediments (27) . On the basis of a number of ecosystem parameters, including the vertical structure of the sediment cores, microgradients, bacterial growth, variety and density of microorganisms, photosynthetic potential, and nutrient levels, the microcosm system developed seems to be a valid model of aquatic sediment ecosystems. When added to the microcosm, the GEM did not affect ecological parameters such as oxygen uptake rates, levels of bacterial subpopulations, chlorophyll content, phosphate and nitrate levels, and thymidine incorporation rates (27) , which were selected as important ecosystem characteristics. Therefore, no effects which could be attributed to the introduction of the GEM to the sediment microcosms were observed.
The survival of Pseudomonas sp. strain B13 FR1 (pFRC20P) and the expression of a modified catabolic pathway in a complex sediment microcosm system clearly demonstrates the potential of GEMs to bioremediate environmentally hazardous compounds. Further studies with complex microcosms are needed to predict the biosafety of GEMs. In addition to the parameters analyzed in this report, these studies must determine the fate of the engineered genes (gene transfer) and other possible ecosystem effects.
